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Introduction

The past decade has witnessed the development of various methods for the precise synthesis of novel, previously inaccessible, polymeric materials. Among the synthetic strategies, “living”/controlled radical polymerization1 and atom transfer radical polymerization (ATRP)2-4 in particular have found a wide application due to the easy experimental setup and the tolerance towards functional groups, solvents and impurities often encountered in industrial systems. Several reviews dedicated to aspects of ATRP such as mechanisms, synthetic procedures, etc., have been published.3,5 The method relies on the reversible generation of radicals from an alkyl halide RX and a low-oxidation-state metal, often copper, complex containing the ligand L. The produced radicals can add across the double bond of a vinyl monomer M, and after one or several propagation steps they are deactivated by the higher oxidation state metal complex containing a coordinated halide atom, yielding the alkyl halide type dormant species.

ATRP offers unprecedented control over macromolecular architecture and allows for the preparation of materials such as block, graft copolymers and a plethora of hybrids. The environmental aspects of ATRP will be the subject of the following discussion.

Discussion

Currently, significant efforts are being made to develop “green” methods for materials synthesis. The term “green” typically implies the use of environmentally friendly (non-toxic and easy to recycle) reaction mixture components (such as solvents, catalysts, etc.) in the processes. Another important aspect of green chemistry is the development of active catalysts, and of less-energy-consuming technologies. In addition, the successful preparation of recyclable materials is a prerequisite for pollution prevention.

ATRP in “Green” Solvents

Examples employing water,6-10 supercritical carbon dioxide,11 and ionic liquids12-14 as solvents for ATRP have been reported. Both heterogeneous and homogeneous aqueous ATRP systems have been studied.15 ATRP in miniemulsions provides an easy method for preparation of latexes with particle size of the order of 200 nm composed of well-defined polymers. Although typical miniemuslion systems require large amounts of surfactant, it has been recently demonstrated that ATRP could be carried out successfully at low surfactant concentration while still maintaining good latex stability.16

The controlled radical polymerization reactions in homogeneous aqueous media is challenging due to the presence of side reactions, leading to partial catalyst deactivation. It has been our goal to understand and theoretically describe the complex equilibria taking place in ATRP in aqueous solvents. The deactivation step of the ATRP equilibrium is of crucial importance for the control over the polymerization (i.e., the possibility to prepare polymers with pre-determined molecular weight, narrow molecular weight distribution, and a high degree of end-functionalization).3 However, it has been demonstrated that halide ligand from the higher oxidation state of the copper-based ATRP catalyst can easily dissociate in protic media or can be displaced by the polar/coordinating solvents or monomers. This reduces the concentration of deactivator and leads to ill-defined polymers. Both the rate of and the degree of control (evaluated from the polydispersity index PDI = Mw/Mn) over the polymerization depend on the concentration of the deactivator actually present in the system. This concentration as well as the overall ATRP equilibrium constant KATRP depend, in turn, upon the value of the association constant of halide ion to the CuIILn complex, termed halogenophilicity KX.(X = Cl or Br).17 Thus, to optimize reaction conditions, it is essential to know how solvent composition can influence the values of KX and to develop strategies to ensure the presence of sufficient amount of deactivator in the systems for which KX is low. Another important side reaction in aqueous systems is the disproportionation of the CuI-based catalyst. We have reported on ways to suppress both side reactions (deactivator dissociation and activator disproportionation), making it possible to conduct ATRP reactions in the most environmentally friendly solvent, water.9,10

Optimization of ATRP Catalysts and Catalyst Removal

The use of active catalysts in ATRP allows for the reduction of the catalyst concentration and therefore is important not only for the development of a less-costly process but, importantly, for the decrease of pollution. Several studies have been published describing in detail the correlation between the structure and reactivity of ATRP catalysts. In general, the performance of the catalyst is correlated to the redox potential of the CuILn / CuIILn couple, and of the halogenophilicity KX (vide supra). Typically, linear amines form very active ATRP catalysts (as compared to imines or pyridines) and by selecting the proper ligands the reduction in catalyst concentration has been successful. Another important issue to be addressed is the removal and the potential recycling of the ATRP catalyst. Supported catalysts have been developed allowing for the precise synthesis of virtually metal-free polymers.18 Finally, the use of complexes of less toxic metals such as iron, is another approach to a “greener” ATRP process.17

Towards “Greener” Polymers by ATRP

Quite often, to ensure the best performance of a polymer, it is essential to use certain additives, such as colorants or plasticizers. These additives can be toxic or flammable. The preparation of graft copolymers by ATRP is an alternative to the use of the mentioned potentially dangerous compounds. The plasticizer (e.g., a polymer of low glass transition temperature such as poly(butyl acrylate)) can be covalently attached to the main polymer (for example, PVC) practically eliminating the dangers related to “leaking” of the polymer modifier in the environment. The synthesis of well-defined recyclable and degradable polymeric materials has also been achieved by ATRP. The random incorporation of small amount of hydrolizable (such as ester or amide) groups along the polymer chain has been accomplished using either the radical ring opening polymerization of cyclic esters or by atom transfer radical coupling19 of short polymer chains. Another intersting example is the preparation of polymers containing disulfide links,20 which can be cleaved in the environment upon reduction, producing easily degradable small polymeric fragments. The thiol/disulfide chemistry combined with ATRP has recently been used for the preparation of degradable crosslinked materials (gels).
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